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013.04.0Abstract The tip leakage ﬂow between a blade and a casing wall has a strong impact on compres-
sor pressure rise capability, efﬁciency, and stability. Consequently, there is a strong motivation to
look for means to minimize its impact on performance. This paper presents the potential of passive
tip leakage ﬂow control to increase the aerodynamic performance of highly loaded compressor
blades. Experimental investigations on a linear compressor cascade equipped with blade winglets
mounted to the blade tips have been carried out. Results for a variation of the tip clearance and
the winglet geometry are presented. Current results indicate that the use of proper tip winglets in
a compressor cascade can positively affect the local aerodynamic ﬁeld by weakening the tip leakage
vortex. Results also show that the suction-side winglets are aerodynamically superior to the pres-
sure-side or combined winglets. The suction-side winglets are capable of reducing the exit total pres-
sure loss associated with the tip leakage ﬂow and the passage secondary ﬂow to a signiﬁcant degree.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
In axial compressors, clearance gaps between the rotating
blades and the stationary casing are necessary to prevent phys-
ical rubbing between them. Due to sudden discharge of blade
loading at the tip, a large pressure difference remains across
the tip clearance. A tip leakage ﬂow driven by the pressure
difference between the pressure and suction sides of a blade1 84726935.
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20rolls up into a concentrated-tip leakage vortex, lying in the
corner of the endwall and the suction surface and moving
along the mainstream direction.1 There are two aspects of
the tip leakage ﬂow: one is blockage, which is a ﬂuid dynamic
effect, and the other is loss, which is a thermodynamic effect.2
Consequently, there is a strong motivation to look for methods
to reduce the strength of the tip leakage ﬂow and desensitize
compressors to the changes in tip clearance.
It has been recognized that use of special blade tip geome-
tries can be effective in reducing leakage ﬂow. One blade tip
design makes use of tip winglets, features that extend perpen-
dicularly from a blade.3 As a potential passive method to con-
trol tip clearance ﬂow, blade tip winglets attract attention from
ever-increasing researchers. The idea of using tip winglets on
rotors was originally inspired by the winglets of aircraft wings
proposed by Whitcomb4 in 1976 to control the wing-tip vortex.
Yaras and Sjolander5 investigated three different winglet
geometries and found out that speciﬁc winglet geometriesSAA & BUAA. Open access under CC BY-NC-ND license.
584 J. Zhong et al.reduced over tip leakage loss by 10%. Dey and Camci6
conducted an experimental investigation focusing on the
suction-side and pressure-side winglets in a rotating turbine
rig. The rotating turbine study indicated that the momentum
defect in the tip vortex of an untreated turbine blade tip could
be effectively reduced by the pressure-side winglet. Camci and
Akturk7 analyzed the three-dimensional mean ﬂow down-
stream from a ducted fan unit with various tip leakage mitiga-
tion schemes by varying the chordwise location and the width
of the tip platform extensions using a stereoscopic particle im-
age velocimeter. Corsini et al.8–10 investigated the application
of proﬁled end-plates to the blade tips of a family of axial fans
in fully-ducted conﬁguration with the objective of reducing
noise. Dai et al.11 performed a particle image velocimetry
(PIV) study of tip leakage ﬂow in linear compressor cascades
with and without blade winglets. Flow structure obtained from
PIV measurements showed that tip winglets could not change
the fundamental leakage ﬂow structure. Zhong et al.12–15 per-
formed three-dimensional simulation of ﬂow over a compres-
sor blade with different types of winglets, and found that
cascade performance could be improved via the suction-side
winglet. Sitaram and Sivakumar16 measured the ﬂow ﬁeld at
the rotor exit of a low aspect ratio axial ﬂow fan for different
tip geometries and ﬂow coefﬁcients. They observed that the
low velocity region near the tip section was considerably re-
duced with the use of partial shrouds.
In this paper, an experimental investigation that was car-
ried out to study the ﬂow in the tip region of ﬂat and wing-
let-type geometries is reported. The performance of the
winglet-type geometries (suction-side, pressure-side and com-
bined winglets) in terms of the total pressure loss coefﬁcient
and secondary velocity vector was compared with that of the
ﬂat tip at three tip clearance gaps (s= 1%c, 1.5%c and
2%c,where s is tip clearance, c is the blade chord). However,
an important effect on the loss mechanism due to the casing
wall movement, which exists in a real compressor, is not taken
into account presently.
2. Experimental setup
2.1. Wind tunnel
This research was performed in a low-speed cascade wind tun-
nel at Dalian Maritime University. A schematic view of the
experimental apparatus is shown in Fig. 1. The wind tunnel
consists of a diffuser, a settling chamber, and a nozzle. The exit
rectangle of the tunnel is 600 mm · 160 mm. All of the cases in
this study were performed at an inlet Reynolds number of
4.3 · 105 based on the blade chord and inlet velocity. The inlet1 Diffuser; 2 Settling chamber; 3 Nozzle;  4 Inlet of cascade;
 5 Test section
Fig. 1 Wind tunnel overview.boundary layers on both endwalls are almost the same in size
and shape, and the thickness of the boundary layer on the end-
wall is about 12.5% of the blade span.
2.2. Test section
Fig. 2 shows a detailed view of the test section. The cascade
consists of eight blades mounted on a structure built into the
lower section that allows individual adjustment of each tip
gap height. The blade geometry mimics the blade tip section
of a compressor rotor. The blades were fabricated from alumi-
num. The stagger angle of the blades is 50. The blades have a
chord of 160 mm and an axial chord of 122.57 mm. The blade
span is 160 mm and the blade spacing is 120 mm. The inlet an-
gle of the cascade is 35.8. The blade tip clearances are adjust-
able and could be varied from no clearance up to 2% of the
chord with an uncertainty of ±0.2 mm.
2.3. Blade tip models
The tip winglets were designed by adding different ‘‘tip plat-
form extensions’’ to the base proﬁle as shown in Fig. 3. Base-
line geometry, i.e., a ﬂat tip without a winglet, is termed as
baseline tip (NW case). The other three winglet tips are termed
as suction-side winglet tip (SW case), pressure-side winglet tip
(PW case) and combined winglet tip (CW case). The winglet
was made from a 1.4 mm thick aluminum sheet for all designs
used in this investigation. The winglet width or extent away
from the original surface is equal to 50% of the local blade
tip thickness. These winglets were pasted onto the tip of eight
blades using a very thin layer of araldite. This method seemed
to be satisfactory as no winglet came off during the experimen-
tal measurement.
3. Experimental procedure
A ﬁve-hole pitot probe mounted to a motorized traverse sys-
tem was used for the measurement, which could be traversed
on a prescribed exit plane. The traverse has two individual
moving axes that allow the probe to be moved vertically and
horizontally. In order to measure the velocity vector, static
and total pressure in the cascade ﬂow ﬁeld, a non-nulling tech-
nique is used in the present study. The pressure reading by the
probe was fed into a pressure transducer whose output was
then collected by a data logger connected to a computer.17Fig. 2 Cascade test section.
(a) Baseline tip (NW) (b) Suction-side winglet tip (SW)
(c) Pressure-side winglet tip (PW) (d) Combined winglet tip (CW)
Fig. 3 Top view of blade tip geometries.
Effect of tip geometry and tip clearance on aerodynamic performance of a linear compressor cascade 585Its measurement uncertainty of the velocity and total pressure
are less than 1% while the accuracy of the measured ﬂow direc-
tion is better than 1. The measurements surveyed 120 mm in
the pitch(X) direction and 80 mm in the span(Y) direction.
This region was divided into a 27 by 19 point grid. The ﬂow
ﬁeld in the wake of the center blade (Blade 5) was measured
at 30% of the axial chord downstream from the blade trailing
edge.
Measurements of the static pressure on the endwall were
made with a matrix of pressure taps located on the endwall un-
der the blade to span the one blade passage about the central
blade. The distribution of pressure taps on the endwall was
uniform and reﬂected the anticipated pressure gradients. The
distribution of the endwall pressure taps relative to the blade
location is shown in Fig. 4.Fig. 4 Distribution of the endwall pressure taps relative to the
blade location.4. Results and discussion
4.1. Contours of static pressure coefﬁcient on the endwall
The pressure distribution on the endwall is presented in Fig. 5.
Pressure is presented as a pressure coefﬁcient, deﬁned below.
Cp ¼ plocal  pinlet1
2
qinletV
2
inlet
ð1Þ
where pinlet is the static pressure of inlet, plocal the local static
pressure on the endwall, qinlet the density, Vinlet the inlet
velocity.
For the baseline cases with 1%, 1.5% and 2% of the chord
tip clearance, it can be seen that a pressure trough appears on
the endwall. The pressure trough coincides with the trajectory
of the tip leakage vortex. As noted by Storer and Cumpsty18,
the starting point of the tip leakage vortex moved rearward
with increasing clearance. It is found that the origin of the pres-
sure trough moves progressively downstream from the leading
edge as the tip clearance is increased. The low pressure value in
the trough decreases and tends to shift downstream with
increasing tip gap. This backward shift of the starting point
of the leakage vortex was also noted by Lakshminarayana19
and Kang1 et al. The reason may be that as the tip clearance in-
creases, the peak pressure difference across the blade moves to-
ward the trailing edge, as shown in Fig. 5. Consequently, the tip
leakage ﬂow, against the passage secondary ﬂow and rolling up
into the tip leakage vortex, would be delayed.
Compared with the baseline cases, the distribution of the
static pressure changes as the tip geometry varies. For the
SW cases with three clearances considered, the low pressure
trough shifts towards the adjacent blade pressure surface. This
can be explained by the suction-side winglet delaying the
delivery of tip leakage ﬂow near the corner of the blade suction
NW                   SW                 PW                  CW 
(a) τ=1%c 
NW                   SW                 PW                  CW
(b) τ=1.5%c
NW                   SW                 PW                  CW
(c) τ=2%c 
Fig. 5 Contours of static pressure coefﬁcient on the endwall.
586 J. Zhong et al.surface. The leakage jet existing on the suction-side winglet can
now roll into a tip leakage vortex at a location slightly away
from the suction-side corner.6 Thus, the loss generating tip
leakage vortex core is pushed more into the core ﬂow (see laterdiscussion). For the PW cases, the presence of the pressure-side
winglet results in the trajectory of the tip leakage vortex mov-
ing close to the suction side of the blade. This means that the
tip leakage vortex may be mixed with the separation in the
Effect of tip geometry and tip clearance on aerodynamic performance of a linear compressor cascade 587suction-surface corner more intensely. For the CW cases, due
to the combined effects of suction-side and pressure-side wing-
lets, the change of the tip leakage vortex trajectory is not quite
obvious.(a) τ=1%c 
(b) τ=1.5%c
Fig. 6 Secondary velocity ve4.2. Secondary velocity vector lines at exit plane
Fig. 6 depicts the secondary ﬂow patterns in the outlet plane.
The secondary ﬂow vectors were obtained by projecting thector lines at the exit plane.
(c) τ=2%c 
Fig. 6 (continued)
588 J. Zhong et al.measured velocities on the plane normal to the local main ﬂow
direction. Three spiral nodes occurring in the plane denotes
respectively tip leakage vortex (TLV), passage vortex (PV)
and concentrated shed vortex (CSV) at 1.0%c clearance, as
shown in Fig. 6(a). At 2.0%c clearance, one can see the latter
two vortices are very small compared to the former one.
Undoubtedly, this is related to the position and strength of
the tip leakage vortex. At larger tip clearance, the tip leakage
ﬂow is strong enough to prevent the boundary layer accumu-
lation in the suction surface/endwall corner. In addition, pres-
ence of a tip leakage vortex induces spanwise ﬂow towards the
blade tip on the suction surface and helps to wash away the
corner separation zone on the blade surface. As reported by
Kang1, the core of the CSV is ﬁlled with low energy ﬂuids,
coming from the corner separation, so the PV and the CSV de-
crease in size and strength as the tip clearance is increased. The
net mixing effects are complicated and depend on the magni-
tude of the individual vortices.19
When a tip winglet is applied, it is found that the size of the
tip leakage vortex is slightly decreased due to more resistance
during the tip leakage ﬂow entry into the gap with the enlarge-
ment of the blade tip platform. The trajectory of the tip leak-
age vortex depends on the balance of the tangential
momentum of the tip leakage ﬂow and the axial momentum
of the mainstream. For the SW cases, because of the inﬂuence
of the tip winglet, the tip leakage vortex is shifted toward the
core of the passage and pushes the passage vortex near the
tip toward the pressure side of the adjacent blade. Therefore,
the strength of interaction between TLV, PV and CSV is
reduced. For the PW cases, both the tangential momentum
of the tip leakage ﬂow and the axial momentum of the
mainstream are reduced, the pressure-side winglet managesto displace the tip leakage vortex to the left, or toward the
tip/outer casing corner of the suction side. Hence, more low
energy ﬂuids accumulate in the corner and the net mixing ef-
fects are stronger. For the CW case with a high ratio of blade
thickness to tip clearance height, the strength of the tip leakage
ﬂow is reduced clearly due to higher tip resistance. Meanwhile,
the larger ratio of thickness to tip height may result in more
losses produced inside the gap related to the formation of a
vena contracta in the gap entrance region and the mixing fol-
lowing separation.
4.3. Contours of axial vorticity at exit plane
Contours of non-dimensionalized axial-wise vorticity at the
exit plane are presented in Fig. 7. Non-dimensionalized
axial-wise vorticity is calculated using the following equation:
Xz ¼ @V
@X
 @U
@Y
 
t
Vinlet
ð2Þ
where V is spanwise velocity, U pitchwise velocity, t blade
pitch.
The leakage vortex can be seen in three tip clearance cases
as the region of highly negative vorticity. It is seen that when
increasing the tip clearance size from 1% to 2% of the chord,
the axial-wise vorticity of the tip leakage vortex is increased be-
cause the amount of low energy ﬂuid being sucked into the tip
clearance increases with an increase of the gap size. Thus, the
leakage vortex gets stronger, while the passage vortex becomes
weaker. The magnitude of the vorticity in this region of
passage vortex is considerably less than that in the tip leakage
vortex. In the present case, the passage vortex is undoubtedly
rather weak, ﬁrstly because the ﬂuids rotating with the passage
Effect of tip geometry and tip clearance on aerodynamic performance of a linear compressor cascade 589vortex are partly viscous from the boundary layers and partly
inviscid outside the boundary layers, and also because the vor-
tex is not supplemented by the pressure-side leg of the horse-
shoe vortex, as would be the case for no clearance. The ﬂat
elliptic loop with comparative vorticity is shed in the wake
which is quite clear on the axial-wise vorticity plots. The axial
vorticity of the concentrated shed vortex is reduced with an(a) τ=
(b) τ=
Fig. 7 Contours of axial-wiseincrease of the gap size. With larger tip clearances, the three-
dimensional corner separation on the blade suction surface is
largely removed by the tip leakage ﬂow. Therefore, the concen-
trated shed vortex becomes signiﬁcantly weak.
As expected, the contours of cases with winglets show the
strength of the tip leakage vortex is slightly reduced. Because
of the inﬂuence of the tip winglet on the tip leakage vortex1%c 
1.5%c
vorticity at the exit plane.
(c) τ=2%c 
Fig. 7 (continued)
590 J. Zhong et al.motion, the distance between the wake and the tip leakage vor-
tex has changed. The leakage vortex in the SW cases is further
detached from the blade than that in the baseline cases at three
tip clearances. It seems like the location of the wake has not
been changed by the tip winglet. These features agree with
the size and positioning of the vortex observed in Fig. 6. For
the PW cases, the distance from the TLV to the CSV is re-
duced, and a strong interaction occurs between the TLV and
the CSV. Therefore, the migration of the low-energy ﬂuid from
the endwall into the wakes is increased.4.4. The total pressure ﬁeld at exit plane
Contours of the total pressure loss coefﬁcient at the cascade exit
plane are shown in Fig. 8 with three different tip gap heights.
The total pressure loss coefﬁcient x is deﬁned as follows:
x ¼ p

inlet  plocal
1
2
qV2inlet
ð3Þ
where pinlet is the total pressure of inlet, p

local the local total
pressure at exit plane, q the density.
The ﬁrst impression from the plots in Fig. 8 is the tip leak-
age vortex with a high total pressure loss. As the height of the
tip clearance increases, the core of the tip leakage vortex is
apparently shifted towards the pressure side and located fur-
ther away from the endwall. For the 2%c case, it can be seen
that higher momentum ﬂow pulled onto the casing wall de-
creases the total pressure loss close to the casing wall.
A comparison of the NW and SW cases shows that the suc-
tion-side winglet guides the leakage jet in such a way that thetip leakage ﬂow rolls into a tip leakage vortex at a location
slightly away from the suction surface/endwall corner. The
highest loss region dominated by the tip leakage in the SW
cases is shifted toward the core of the blade passage with
two different tip clearances. For the PW cases, as a conse-
quence of the tip leakage vortex trajectory nearer to the suc-
tion surface, it is clear from the ﬁgure that the loss core is
caused by the interaction of the TLV, the PV, the CSV, and
the wake. Furthermore, in addition to inducing spanwise ﬂow,
it seems like the tip leakage vortex in the PW cases would
entrain some ﬂuids on the suction surface boundary layer.
Consequently, the size of the high loss region is larger than
that in the NW cases. For the CW cases, the high loss core
is considered to be generated due to the tip leakage vortex
looking to move toward the casing wall slightly.
The best approach to quantify the effectiveness of a tip
winglet is to calculate the overall mass-averaged total pressure
loss coefﬁcient of the exit plane, which is deﬁned as follows:
x ¼
R h
h=2
R t
0
qWxdxdyR h
h=2
R t
0
qWdxdy
ð4Þ
where h is the blade span, t the blade pitch, W axial-wise
velocity.
The measured overall exit total pressure loss variation is
shown in Fig. 9. This is the mass-averaged loss, including the
loss from the endwall boundary layer out to mid-span. For
the NW cases, it can be found the loss coefﬁcient to be a min-
imum for a clearance of 1.5% chord, which is similar to what
was measured by Storer and Cumpsty.20 The suction-side
winglets provide a good improvement when compared to the
baseline cases. These experimental results are consistent with
Effect of tip geometry and tip clearance on aerodynamic performance of a linear compressor cascade 591simulation results in the paper by Zhong et al.14 For the two
tip clearance heights of 1.0% and 2.0% of the blade chord,(a)τ=
(b) τ=
Fig. 8 Contours of total pressurethe overall total losses are found to be reduced by about
5.5% and 2.3%, respectively. It seems that wider suction-side1%c 
1.5%c
loss coefﬁcient at the exit plane.
(c) τ=2%c 
Fig. 8 (continued)
592 J. Zhong et al.winglets may result in additional aerodynamic beneﬁt for lar-
ger tip clearance cases. The overall loss of the cascade with
the pressure-side winglet is greater than that found in the base-
line cases. Main contribution of loss increment is attributed to
the serious interaction of the TLV, the PV and the CSV. Over-
all comparisons between the CW and NW cases show that the
use of combined winglets is beneﬁcial at the 1.0% chord clear-
ance. At 1.5% and 2.0% chord clearances, the two-sided wing-
let provides no signiﬁcant improvement.Fig. 9 Comparison of measured exit mass-averaged total
pressure loss coefﬁcient.5. Conclusions
The current study presents the experimental research of vari-
ous tip geometry designs for the control of aerodynamic loss
originating from tip leakage ﬂow in an axial compressor cas-
cade. A series of baseline and winglet tips were studied by
varying the tip clearance size. Conclusions are listed as follows:
(1) The current experiments show that the suction-side
winglets are effective tip leakage control schemes for lin-
ear compressor cascades. The winglet near the suction
side pushes the core of the tip vortex further away from
the suction side. The leakage vortex acts to obstruct the
passage ﬂow near the suction surface more effectively.
(2) The pressure-side winglets are not effective tip leakage
loss control methods. Although the entry ﬂow condi-
tions into the tip clearance are changed in such a way
that the strength of the tip leakage vortex is reduced,
the interactions of the tip leakage vortex, passage vortex
and concentrated shed vortex are more serious. The
combined effects make the loss greater than that with
a baseline tip.
(3) The combined winglet is beneﬁcial at the 1.0% chord tip
clearance. At 1.5% and 2.0% chord tip clearances,
although the strength of the tip leakage vortex is reduced
by the two-sided winglet, no signiﬁcant improvement in
the total loss coefﬁcient is obtained.
The observations from this research are limited to station-
ary blades; further efforts should be devoted to study cases
Effect of tip geometry and tip clearance on aerodynamic performance of a linear compressor cascade 593with relative rotation between the blade and the endwall. The
relative motion between the rotor tips and the endwall intro-
duces important effects. The effects of the blade rotation con-
sist of two aspects: one is the relative motion between the blade
tip and the endwall, and the other is the centrifugal and Cori-
olis force. These effects result in a difference in the leakage ﬂow
between the stationary and rotating blades. The effect of tip
winglets on rotor tip ﬂow ﬁeld is currently under investigation,
and the most efﬁcient ones will be considered for experimental
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